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Abstract
A signiﬁcant distortion of crystal structure was observed in Pd(100) ultrathin ﬁlm deposited
on a SrTiO3 substrate that shows ferromagnetism induced by quantum-well states. An in-situ
X-ray crystal truncation rod scattering measurement showed an expansion of the lattice in the
ferromagnetic Pd(100) ultrathin ﬁlm with a thickness of 3.19 nm. This result explains the
previous observation that the measured ferromagnetic magnetization in Pd(100) is much larger
than that predicted by the calculation.
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1 Introduction
Spontaneous magnetization induced by the nanosizing of noble metals that are nonmagnetic in
bulk form has been reported [1, 2, 3, 4, 5]. Especially, Pd nanoparticles show ferromagnetism
only in the topmost 2 - 5 layers on (100) facets [2]. From the standpoint of Stoner’s criterion,
this phenomenon is explained by the increase in the density of states near Fermi energy due to
nanosizing and by a defect in the metal [6, 7]. In addition, Pd(100) ultrathin ﬁlms with 3 - 5
nm thickness show ferromagnetism, and the magnetization changes periodically depending on
the ﬁlm thickness [5]. The period of oscillatory behavior is consistent with the ﬁrst-principles
calculation, which predicts the appearance of ferromagnetism based on d-electron quantum-well
(QW) states in Pd [8]. However, the experimentally obtained spontaneous magnetization, which
is comparable to that of nickel, is much higher than the value obtained from the calculation
based on QW states. The origin of the discrepancy remains to be clariﬁed.
In this study, we performed an in-situ X-ray crystal truncation rod (CTR) scattering mea-
surement of the Pd(100) ultrathin ﬁlm using synchrotron radiation in order to clarify quantita-
tively the structural change speciﬁc to the thin ﬁlm, which is not assumed in the calculations.
A large lattice expansion in the ferromagnetic Pd(100) ultrathin ﬁlm was observed in the CTR
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Figure 1: The RHEED image of the STO/Pd(100) sample after annealing under the electron
energy of 12.5 keV. Streak lines and Kikuchi lines show that the sample has the ﬂat surface
and high crystallinity.
scattering. This result indicates that the lattice distortion enhances the ferromagnetism induced
by QW states.
2 Experimental details
We performed an in-situ synchrotron X-ray structure analysis at SPring-8 beamline BL13XU [9].
The substrate was (100)-oriented SrTiO3 (STO) single crystal, which was treated with buﬀered
HF to obtain an atomically ﬂat TiO2 step-terrace surface (Shinkosha Co., Ltd.) [10]. One-ﬁfth
of the total amount of Pd ﬁlm was deposited onto this substrate at 573 K and four-ﬁfths was
deposited at room temperature using the Knudsen cell with a pyrolytic boron nitride crucible.
After the deposition, the sample was annealed to ∼ 500 K to obtain high-quality crystallinity.
During annealing, we checked the crystallinity using refraction high-energy electron diﬀraction
(RHEED). Figure 1 shows the RHEED image of the sample after annealing, indicating the
formation of Pd(100) ﬁlm. Streak lines and Kikuchi lines, indicating the atomically ﬂat surface
and high orientation, respectively, were observed. The other experimental details have been
described elsewhere [5]. We observed the identical RHEED image to Fig. 1 in ref. 5, and thus
we claim that the ferromagnetic Pd(100) sample, which is similar to that in the previous study,
was formed. The base pressure of the sample-growth chamber equipped at BL13XU was 8.5 ×
10−8 Pa.
Both X-ray reﬂectivity (XRR) and CTR scattering were measured in situ using 15 keV
X-rays to access a wide range in the reciprocal space. We used a Ge(111) analyzer crystal
for a high-resolution measurement to resolve the scattering peak of the Pd ﬁlm and the Bragg
reﬂection from the substrate. All measurements were performed at room temperature.
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Figure 2: The 11 rod proﬁle of the X-ray CTR scattering. The Bragg reﬂection of the STO
substrate is observed at L = 1 r.l.u., and the main scattering peak of the Pd overlayers was
observed at L = 0.961 ± 0.007 r.l.u.
3 Results and Discussion
3.1 Results of the 11 CTR scattering measurement
Figure 2 shows the results of the 11 X-ray CTR scattering measurement. Index L is expressed
in the reciprocal lattice unit (r.l.u.) based on the lattice constant of the STO substrate, and
the 111 Bragg reﬂection of the STO is observed in L = 1 r.l.u. The 11 CTR scattering showed
a typical fringe proﬁle caused by interference between X-ray scatterings from the Pd ﬁlm and
the STO substrate. The main peak of the Pd thin ﬁlm was observed in L = 0.961 ± 0.007 r.l.u.
This CTR scattering observation indicates that Pd grew epitaxially on the substrate. The ﬁlm
thickness of 3.19 nm was evaluated by XRR.
As can be seen in Fig. 2, the main peak of the Pd ﬁlm is at a lower L than that of the
Bragg reﬂection of STO. This result shows that the lattice constant of the Pd(100) ultrathin
ﬁlm is larger than that of STO. In the bulk form, the lattice constant of Pd is 0.4 % smaller
than that of STO [11]. Thus, it is indicated that the lattice of Pd(100) ultrathin ﬁlm on STO
was expanded from the bulk value. The 11 CTR scattering contains information on both the
out-of-plane and in-plane lattice constants. Although it is not suﬃcient to discuss the distance
of distortion in the ﬁlm based only from the 11 rod result, the result suggests the expansion
of 1 - 2 % in the average lattice constant relative to the bulk one. In addition, the expansion
cannot be explained by the lattice mismatch because the lattice constant of the Pd epitaxial
ﬁlm is larger than that of the STO substrate. Thus, the lattice of the Pd(100) ultrathin ﬁlm
expands spontaneously.
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3.2 Discussion of magnetic state of Pd thin ﬁlm
The spontaneous magnetization of STO/Pd(100) ultrathin ﬁlms oscillates depending on the
ﬁlm thickness [5]. The present sample is 3.19 nm thick, close to the thickness corresponding to
one peak in the oscillatory spontaneous magnetization in the Pd(100) ultrathin ﬁlm. Thus, we
estimate that the present sample shows ferromagnetism with the spontaneous magnetization
of ∼ 0.3 μB/atom based on our previous magnetization measurement results, where we note
that the magnetic measurement of the sample for an X-ray CTR scattering experiment can be
performed only after exposure to air and thus an in-situ evaluation of spontaneous magnetization
is not possible. From the above estimation and the CTR results, the lattice expansion should be
correlated with the appearance of ferromagnetism in Pd thin ﬁlm through the QW mechanism.
Recently, the calculation predicted that the Pd(100) ﬁlm on Cu(100) substrate would reveal
QW states and the expansion in the out-of-plane lattice constant [12]. In addition, it was
suggested that the physical properties of the various metal ﬁlms on a semiconductor substrate
changed ancillary to the lattice distortion depending on the ﬁlm thickness [13]. Therefore, if the
distortion of the present Pd(100) is caused by QW states, the lattice expansion should aﬀect
the ferromagnetism originating from the QW states.
In this scenario, we can explain why the experimentally obtained spontaneous magnetization
is much higher than the value obtained from the calculation in which the lattice distortion is
not taken into account. Previous theoretical calculations predicted that the bulk Pd should
show ferromagnetism at 4 - 6 % lattice expansion [14]. In addition, we reported that the
ferromagnetism appeared in the internal region of the Pd nanoparticle when the standard
deviation of the strain Δ became larger than ∼ 0.5 % and a positive correlation between
the spontaneous magnetization and Δ was observed [6]. Thus, it is plausible that the lattice
expansion in Pd(100) ﬁlm is helps to stabilize the ferromagnetism. In other words, the magnetic
state of Pd thin ﬁlm should depend on the lattice distortion in addition to the conventional QW
mechanism. This can bring about a larger spontaneous magnetization than that predicted by
the calculation. Provided that the ﬁlm thickness is modiﬁed to stabilize the QW state and the
magnetic state is governed by the electronic state depending on the QW state and the lattice
distortion, the spontaneous magnetization can be predicted to optimize the sum of magnetic,
electronic, and elastic energies. Detailed discussion based on the theoretical calculation and
additional experiments are necessary to obtain a complete understanding of the ferromagnetism
of Pd thin ﬁlms.
4 Conclusion
A large lattice expansion exists in the Pd(100) ultrathin ﬁlm that exhibits ferromagnetism
induced by QW states. This fact implies that the ferromagnetism in Pd is reinforced through
the synergistic eﬀect of distortions and QW states. We propose that the Pd(100) ultrathin
ﬁlm is spontaneously distorted to stabilize the QW state, thereby enhancing ferromagnetism.
This scenario gives a basis for a discussion of the relationship between ferromagnetism and QW
states.
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